Background: An altered tibial position is still present despite anterior cruciate ligament (ACL) reconstruction. It has been demonstrated that an abnormal tibial position after an ACL injury may play a role in subsequent injuries to the meniscus, which can lead to early cartilage degeneration.
systematic surgical reconstruction of all ACL-deficient patients to prevent further meniscal lesions and subsequent degeneration of the joint.
The exact mechanism of how ACL reconstruction affects the status of the meniscal matrix is still unclear. Despite success on certain clinical outcome measures, results from more objective measures such as motion analysis and magnetic resonance imaging (MRI) assert that there are persistent alterations in tibial position after ACL reconstruction, leading to altered mechanical loading of the knee.
k Changes in the meniscal load distribution can increase the in situ forces in the meniscus. 1 Increases in meniscal shear forces are thought to play a role in the subsequent development of meniscal damage. 24 Meniscal damage has been associated with cartilage loss and joint degeneration. 17, 41 The meniscal fibrocartilage structure is a dense extracellular matrix composed primarily of water (72%), collagen (22%), and proteoglycans (<1%). 12, 36 Meniscal damage has been previously linked to histological alterations in the collagen-proteoglycan matrix. 25 Recently, quantitative MRI (qMRI) comprising T1r and T2 protocols has been used to detect early signs of cartilage and meniscal degeneration. 26, 27, 34, 38, 40 In addition, a persistently altered tibial position after ACL reconstruction has been associated with elevated qMRI relaxation values of cartilage, suggesting that these changes may be indicative of future cartilage injuries. 2, 43 To date, no longitudinal analysis has been performed on meniscal qMRI as it correlates to tibial position.
The objective of this study was to determine changes in both the tibial position and the meniscal matrix present before and after ACL reconstruction as well as to evaluate the association between these 2 variables in ACL-injured knees 3 years after reconstruction.
METHODS

Participants
This longitudinal prospective study included 2 groups of patients. The ACL group was composed of 32 patients with a unilateral ACL injury who underwent "anatomic" singlebundle ACL reconstruction by 1 of 4 sports medicine fellowship-trained orthopaedic surgeons at a single institution. The control group was composed of 13 participants without a history of knee injuries, surgery, or clinical symptoms of osteoarthritis. The participant characteristics are detailed in Table 1 . Exclusion criteria included previous injuries or surgery to either knee, history of inflammatory arthritic disease, injuries to other ligamentous structures needing a surgical intervention, concomitant meniscal repair, and concomitant cartilage resurfacing procedures performed at the time of surgery. ACL-injured patients had both injured (ipsilateral) and noninjured (contralateral) knees scanned at baseline before surgery and then again at 6 months, 1 year, 2 years, and 3 years after reconstruction. Patients in the control group had both knees scanned at baseline, 1 year, and 3 years. This study obtained institutional review board approval, and written informed consent was obtained from all enrolled participants. 
Surgical Procedure
In the ACL group, single-bundle ACL reconstruction was performed using either a hamstring tendon autograft (n ¼ 22) or posterior tibial tendon allograft (n ¼ 10) with femoral tunnels drilled using anteromedial portal drilling. Additionally, 6 patients in the ACL group underwent concomitant partial meniscectomy: medial sided in 1 patient, lateral sided in 4 patients, and both medial and lateral in 1 patient. All patients underwent similar postoperative rehabilitation programs at the same institution's sports medicine clinic.
MRI Protocol
Bilateral knees were scanned using a 3-T MRI scanner (GE 15 This third sequence was used for tibial position and internal tibial rotation analysis. The combined time for acquisition of the T1r and T2 sequences was 9 minutes and 37 seconds, with the total time for 1 knee scan, including setup, being less than 1 hour.
qMRI Meniscal Analysis
All image postprocessing was performed with a MATLAB program (MathWorks) developed in-house. 5, 8 CUBE images were rigidly registered onto the first T1r-weighted image (TSL ¼ 0) and subsequently used for meniscus segmentation at the baseline time point. Menisci were segmented by a single trained user on registered baseline CUBE images into 4 regions: anterior horn (AHLAT) and posterior horn (PHLAT) of the lateral meniscus and anterior horn (AHMED) and posterior horn (PHMED) of the medial meniscus ( Figure 1 ). Three consecutive segmentations were used in each region. For all time points after baseline, a process of auto-segmentation was performed. For auto-segmentation, a longitudinal nonrigid registration was adopted to align the follow-up image on the baseline scan. The registration deformation field was computed in the T1r-weighted image with TSL ¼ 0 characterized by a higher signal-to-noise ratio and then applied on all the later echoes. T1r and T2 maps were then computed voxel by voxel by fitting the monoexponential decay: 
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The menisci of patients who underwent partial meniscectomy were segmented at 6 months by a single trained user (A.R.M.), and for all the later time points, the same previously mentioned auto-segmentation process was adopted to align the follow-up image on the 6-month scan.
All auto-segmentations were quality checked by 2 trained users (A.R.M. and J.K.). Each auto-segmentation was evaluated and manually changed if it did not capture >80% of the meniscal area. Auto-segmentations alone correctly defined >90% of all segmentations used in this analysis. Intraclass correlation coefficients (ICCs) were calculated to determine the presence of interobserver bias between T1r and T2 relaxation times generated from auto-segmentations corrected by the 2 trained users. The ICCs of 0.961 (95% CI, 0.927-0.980) for T1r and 0.960 (95% CI, 0.924-0.979) for T2 relaxation times were comparable with results reported in the current literature on segmentation reproducibility. 9, 42 qMRI Tibial Position and Internal Tibial Rotation Analysis
To determine the tibial position and internal tibial rotation, tibia and femur manual segmentations of the baseline contralateral knee were used to establish a coordinate system using an in-house MATLAB program previously described and demonstrated to have good reproducibility. 7, 8, 20 An iterative closest point registration technique was used to fit 3D cloud points obtained from segmentations. 30 The 3D nature of the registration allowed us to calculate the tibial position (the distance between the tibial and femoral coordinate systems) and internal tibial rotation (rotation of the tibia with respect to the femur), with a more positive tibial position corresponding to a more anterior position and a more positive internal tibial rotation corresponding to a more internally rotated knee.
Statistical Analysis
Statistical analysis was performed using R version 3.4.0. Means and standard deviations of T1r and T2 values, tibial position, and internal tibial rotation were calculated at all time points for injured, contralateral, and control knees. To assess for variability of T1r and T2 values longitudinally in our comparison groups, 2-tailed Student t tests were used to compare T1r and T2 values of control and contralateral knees between time points within a given meniscal region. For cross-sectional analysis, 2-tailed Student t tests were used to compare T1r and T2 values, tibial position, and internal tibial rotation of ipsilateral knees with contralateral knees (paired t tests) and control knees (unpaired t tests).
Multiple linear regression was used to assess the correlations between the tibial position of ipsilateral knees at 3 years and 3-year changes in either T1r or T2 values of all 4 meniscal regions of ipsilateral knees. Valid regression models met the following criteria: (1) studentized residuals were normally distributed, (2) there was nonmulticollinearity of variables, (3) there was a significant F statistic (P < .05), (4) there was demonstrated independence of residuals, and (5) the data were nonheteroscedastic. Age, sex, and body mass index were not included in the models. Although some of these factors have been previously shown to affect T1r and T2 in cartilage, the same effect has not been documented in meniscal qMRI analysis. 2 Additionally, the decision to look at individual changes in T2 from baseline to 3 years acted as an internal control for any physiological differences in T1r or T2. Significance was defined as P < .05 for both the Student t test and the regression analysis.
The multiple regression analysis evaluating associations between the tibial position at 3 years and 3-year changes in T1r values did not meet the validation parameters discussed above and thus was not included in this analysis.
RESULTS
Patient Demographics
There were no significant baseline differences between the ACL group and control group with regard to age, sex ratio, body mass index, or Marx activity rating scale results.
Tibial Position and Internal Tibial Rotation
The tibial position of ipsilateral, contralateral, and control knees at all time points are displayed in Figure 2 . The mean tibial position of ipsilateral knees was more anterior than that of contralateral knees at all time points (baseline: P < .001; 6 months: P ¼ .002; 1 year: P ¼ .013; 2 years: P < .001; 3 years: P ¼ .015). Additionally, the mean tibial position of ipsilateral knees was more anterior than that of control knees at 3 years (P ¼ .010). The mean internal tibial rotation of ipsilateral knees was more internally rotated than that of contralateral knees at baseline only (P ¼ .034). There were no significant differences found between the mean internal tibial rotation of ipsilateral knees and that of control knees at any time point. Additionally, in the ACL group, there was no significant difference in the tibial position or internal tibial rotation between those who underwent partial meniscectomy and those who did not or between those who received an allograft and those who received an autograft at any time point.
T1r and T2 Meniscal Relaxation Times of Injured Versus Noninjured Knees
The T1r and T2 relaxation times of the PHLAT and PHMED in ipsilateral, contralateral, and control knees at all time points are displayed in Figure 3 . The mean T1r and T2 meniscal relaxation times of ipsilateral knees were higher than those of contralateral knees in the PHLAT at baseline, 6 months, and 1 year (baseline T1r: P ¼ .001; baseline T2: P ¼ .003; 6-month T1r: P ¼ .030; 6-month T2: P ¼ .047; 1-year T1r: P ¼ .002; 1-year T2: P ¼ .020) and in the PHMED at 6 months and 1 year (6-month T1r: P ¼ .003; 6-month T2: P ¼ .003; 1-year T1r: P ¼ .008; 1-year T2: P ¼ .005). Additionally, the mean T2 of ipsilateral knees was higher than that of contralateral knees in the AHLAT at baseline (P ¼ .010) and in the PHMED at baseline and 2 years (baseline: P ¼ .009; 2 years: P ¼ .026). There were no significant differences found between the mean T1r or T2 in the AHMED of ipsilateral knees compared with the mean T1r or T2 in the AHMED of contralateral knees.
T1r and T2 Meniscal Relaxation Times of Injured Versus Control Knees
The mean T1r and T2 meniscal relaxation times of ipsilateral knees were higher than those of control knees in the PHLAT at baseline and 1 year (baseline T1r: P < .001; baseline T2: P < .001; 1-year T1r: P ¼ .009; 1-year T2: P ¼ .003) and in the PHMED at 1 year (T1r: P ¼ .012; T2: P ¼ .003). Additionally, the mean T2 of ipsilateral knees was higher than that of control knees in both the AHLAT at baseline (P ¼ .018) and in the PHMED at baseline (P < .001). Unexpectedly, the mean T1r in the AHMED of ipsilateral knees was significantly lower than the mean T1r of control knees at baseline (P ¼ .047); this significant difference was not seen in the T2 meniscal relaxation values. Additionally, in the ACL group, there was no significant difference in T1r or T2 values between those who underwent partial meniscectomy and those who did not or between those who received an allograft and those who received an autograft in any meniscal region at any time point.
Analysis of T1r and T2 of Control and Contralateral Knees as a Comparison Group
With regard to the use of contralateral and control knees as a stable comparison variable, the mean T1r and T2 relaxation times of contralateral knees showed no significant changes between time points in all 4 meniscal regions. The mean T1r and T2 relaxation times of control knees additionally showed no significant differences between time points in any of the 4 meniscal regions, except in the AHMED. The mean T1r relaxation time in the AHMED of the control knees at baseline was 19.1 ± 1.4 milliseconds, which was unexpectedly significantly higher than the mean T1r relaxation time of control knees at 1 year (17.5 ± 2.2 ms; P ¼ .003) and at 3 years (17.6 ± 2.1 ms; P ¼ .004).
Tibial Position and qMRI Regression
Multiple regression analysis showed that a more anterior tibial position at 3 years was associated with increasing T2 values from baseline to 3 years in the PHMED (P ¼ .031) and AHMED (P ¼ .040). The T2 changes from baseline to 3 years in the PHLAT and AHLAT of ipsilateral knees, also included in the same regression model, were not significant. Partial correlation plots in Figure 4 show positive associations between the significant variables.
DISCUSSION
Although ACL reconstruction clinically allows the restoration of normal activities 1 year postoperatively, more sensitive analysis via qMRI analyzed in this study reported a persistently altered tibial position after ACL reconstruction, as is consistent with the literature. 29 Although there are numerous studies analyzing alterations in tibiofemoral kinematics as they relate to the cartilage status, to our knowledge, this is the first study to show a correlation between the tibial position and sustained alterations in the meniscal matrix in a longer term follow-up after primary ACL reconstruction.
2,15,43
Tibial Position and Internal Tibial Rotation
The tibial position of injured knees was more anterior than the tibial position of noninjured knees at all time points Figure 2 . Mean tibial position (TP) of ipsilateral (Ipsi), contralateral (Contra), and control knees at all time points. Ipsilateral knees were significantly (P < .05) more anterior than contralateral knees at all time points and control knees at 3 years only. Error bars ¼ ±1 SD.
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Tibial Position and Meniscal Matrix Changes 5 (P < .05), as is consistent with the current understanding of the tibial position after ACL reconstruction. 2, 15, 43 Despite a persistently anterior tibial position, ACL reconstruction improved internal rotation of the ACL-deficient knee, as differences were only found at baseline. This finding, while consistent with previous studies conducted via qMRI, is contrary to other gait analysis studies that have demonstrated a persistently altered tibial rotation after ACL reconstruction. 2, 15, 28, 31, 37 The current literature suggests that knee kinematics can vary between low-and high-demand activities in ACL-reconstructed knees, which may contribute to dissimilarities between the results of our study and those that used gait analysis. 6, 13, 28 Quantitative MRI also seen before surgery with gradual improvement over time, demonstrating that there is an initial meniscal injury that persists in the short term after reconstruction, although it does improve over a longer follow-up. This gradual improvement in the meniscal status after ACL reconstruction has been demonstrated in other studies. 9, 18 Chu et al 9 demonstrated in 11 patients who underwent ACL reconstruction and subsequent qMRI 2 years after reconstruction that ultrashort TE T2 values in the posterior medial meniscus decreased 17% to levels that did not significantly differ from those seen in uninjured controls. In addition, there was an unexpected finding of elevated mean T1r relaxation times in the AHMED of the control group at baseline, also reported in a previous analysis. 40 The same elevation was not seen in T2 relaxation times at baseline or in T1r or T2 relaxation times at 1 or 3 years. No differences were seen in the baseline Marx activity score of the control group, which may have helped explain this surprising observation. A separate analysis of the AHMED of noninjured participants could further elucidate this issue.
Tibial Position and qMRI
An altered tibial position was correlated with increasing T2 values in the medial regions of the meniscus, and given that these correlations were associated over 3 years, it is likely that these changes are related to longer term outcomes as opposed to acute responses related to the initial insult, the chronic ACL-deficient state, or the immediate postoperative recovery period after ACL reconstruction. Alterations in the tibial position leading to increased loading of the cartilage and the development of subsequent osteoarthritis are a well-researched phenomenon; however, an understanding of how alterations in loading affect meniscal abnormalities is still being elucidated. 3, 4, 33, 35 A proposed mechanism is that with persistent anterior translation of the tibia, the PHMED acts as a secondary restraint to translation, leading to increased contact forces and subsequent meniscal injuries. In a study by Guess and Razu, 14 computational multibody models of the knee generated from the medical images and recorded passive leg motion of 2 female participants predicted that loss of the ACL increased contact and hoop forces in the medial menisci by a factor of 4 when a 100-N anterior tibial force was applied. In Markolf et al, 24 in vitro analysis of 12 freshfrozen knee specimens demonstrated increased forces on the PHMED attachment when a joint-loaded ACLdeficient knee was subjected to a 200-N anterior tibial force while flexed between 20 and 90 . Markolf et al 24 additionally postulated that increased shear forces can lead to the development of medial meniscal tears, limiting the ability of the meniscus to act as a secondary stabilizer and leading to further joint degeneration.
Additionally, despite finding correlations between the tibial position at 3 years and 3-year changes in the meniscal status, we did not find any significant differences between the mean T1r or T2 between the comparison groups and the ACL group at 3 years. Although no specific longitudinal comparison analysis was performed in this study, our multiple regression analysis suggests that there are patients who have an improved meniscal matrix 3 years after reconstruction but also a solid subset of patients that worsen 3 years after reconstruction. In the regression analysis, more than half of the patients had positive residuals from T2 values in the PHMED from baseline to 3 years, suggesting that there may be additional factors contributing to worsening meniscal outcomes. Findings from this study encourage further longitudinal analyses to examine additional factors that may influence outcomes after ACL reconstruction.
Limitations
This study has several limitations. The use of static qMRI, while previously proven to be sensitive for changes in the tibial position, cannot fully evaluate tibiofemoral joint changes during motion or higher activity levels, which may present with increased laxity, rotation, or translation of the knee. Additionally, the development of meniscal abnormalities as a result of tibial position alterations may take longer than 3 years, and thus, longer follow-ups are warranted.
CONCLUSION
Results of the current study indicate that after ACL reconstruction, there is a persistently altered tibial position at 3-year follow-up, with an initial preoperative meniscal injury that shows prolonged but gradual improvement. Additionally, correlations between tibial position and changes in the medial meniscal matrix suggest that tibial position may play a role in the increased susceptibility to medial meniscal tears seen after reconstruction.
